BEE503 Controlled Rectifier & AC Voltage Controller

Module-4
Controlled Rectifiers: Introduction, Single phase half wave circuit with RL Load, Single phase half
wave circuit with RL Load and Freewheeling Diode, Single phase half wave circuit with RLE Load,
Single-Phase Full Converters with RLE Load, Single-Phase Dual Converters, Principle of
operation of Three- Phase dual Converters.
AC Voltage Controllers: Introduction, Principle of phase control & Integral cycle control, ,
Single- Phase Full-Wave Controllers with Inductive Loads, Three Phase Full-Wave Controllers.

Introduction:

Controlled rectifiers are basically AC to DC converters. The power

transferred to the load is controlled by controlling triggering angle ofthe ~ ac Controlled N Load
devices. Fig.1 shows this operation. supply rectifier ) oa

!

The triggering angle 'a’ of the devices is controlled by the control circuit.

L
The input to the controlled rectifier is normally AC mains. The output
of the controlled rectifier is adjustable DC voltage. Hence the power Control
transferred across the load is regulated. circuit
The controlled rectifiers are used in battery chargers, DC drives, DC
Fig. 1 Principle of operation of a

power supplies etc. The controlled rectifiers can be single-phase or three controlled rectifier

phase depending upon the load power requirement.

Single phase half wave circuit with R Load (Single phase half wave controlled
rectifier with R Load):

The principle of phase-controlled operation can be I mEE NN
explained with the help of half wave controlled rectifier | [T Swoy ‘ i V1IN - ot
shown in Fig. 1. secondary of transformer is connected to | S / \ ! !
resistive load through thyristor or SCR TI. The primary of [
the transformer is connected to the mains supply. In the |
positive cycle of the supply, Tl is forward-biased. T1 is || e L ' 1 L I
triggered at an angle a This is also called as triggering or T *{‘* 7 H 7 '
firing delay angle. T1 conducts and secondary (i.e. supply) | | i ' I | ' i |
voltage is applied to the load. Current io starts flowing | Dm'Pm s \

ol

through the load. The output current and voltage | A T T o
waveforms are shown in Fig. .2.

1 . | Output T | | | | |

T, o L 1 current \\‘ t
t t i 4 1 + { 1 {

v ‘ ‘

Fig_1 Half wave controlled rectifier with R-load

Fig 2 Phase control principle as applied to half wave controlled rectifier

Since the load is resistive, output current is given as,
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BEE503 Controlled Rectifier & AC Voltage Controller

Hence the shape of output current waveform is same as output voltage waveform. At i supply voltage drops to zero.
Hence current io flowing through T1 becomes zero and it turns off. In the negative half cycle of the supply T 1 is reverse
biased and it does not conduct. There is only one pulse of Vo during one cycle of the supply. Hence ripple frequency
of the output voltage is,

Jripple = 50 Hz ie. supply frequency

The average value of output voltage is given as,

]

1
Vi(aw) = = | va (wt) dwt
0
The period of one pulse of v,(wf) can be considered as T=2n . And

Uy [;wf)—‘yfm sin wt from @ to n. For rest of the period v, [m;}—t]. Hence above
equation can be written as,

1 .
V. () = 55 | Vin sinwt d wt
o

n

= ;'1]'1' [~ cos wi]:L

I‘ir'l:. {.ﬁ'ﬂ:l = % (-J. + COS m)

The power transferred to the load will be,

r2
v of ﬁ‘ﬂ:l

F, (au) = R

Single phase half wave circuit with RL Load (Single phase half wave controlled
rectifier with RL Load):

The SCR will be forward biased in the positive half cycle of s

the supply. Hence SCR is applied with the firing pulses in the I"T? Y,
positive half cycle. The waveforms are shown in Fig. 1. Fig.

2(a) shows the supply voltage and Fig. 2(b) shows the firing v5® " R
pulses to the SCR. ]
When the SCR is triggered, the supply voltage appears across - %

load. We normally neglect small voltage drop in SCR. Hence

Vo = Vs when SCR is conducting. This is shown in Fig.2.(c). Fig 1 Half wave controlled rectifier with RL load
Observe that output voltage is same as supply voltage after

a. Because of the RL load, output current starts increasing slowly from zero. The shape of io depends upon values of
R and L. At it , the supply voltage becomes zero and io is maximum. Due to negative supply voltage after =, SCR

. . . dip . .
tries to turn-off. But energy stored in the load inductance generates the voltage L d_: induced voltage forward biases

di
the SCR and maintains it in conduction. To maintain the flow of io inductance generates the voltage L d—: the

polarity as shown in below Fig. This voltage is higher than negative supply voltage. Hence T1 is forward biased and it
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remains in conduction. The output current and supply current flow in the same loop .Hence io = i is all the time. The
waveform of io is shown in Fig. 2 (d) and is is shown in Fig. 2(e). After m , io (i.e. is) flows against the supply. Hence
energy is consumed in the supply. io flows due to load inductance energy. In other words, the inductance energy is
partially fed to the mains and to the load itself. Therefore energy stored in inductance goes on reducing. Hence io also
goes on reducing as shown in Fig. 2 (d).

HEENE |
rrrrrri V.o . N ]
| Mains supply |/ \ / \ [ai}
——  Voltage \ = wt—
I \ / \, /

N d N
(b)-
Triggering —+
pulses of T4 = wt —
| o o
N () _
—t—{— Output N |
BN w:-l:lage o /| 12n+e \ = wi—
o \k
i | \
_'T1 Conducts
from mto
due to load (d) -
Output inductance —,A"" ~\ I
—— current I -t —
S — iu
——— Supply -~ A ~ |
—+—t— current - 5 -t —
I — H |
s I | |

Fig. .2  Waveforms of half wave controlled rectifier for RL load
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T
1
Volas) = Tj. 7o(wt) dot e (1)
0]

In Fig. 4.2.4 observe that,
(f) = [P Vmsinot from o to
ool@f) =
! 0 fromOto cand p to2n

Hence equation (4.2.2) can be written as,

1 T
— | Vi sinot dot
2 o

Vo (az)

= 1[2;—’; [-cos mf]z

= %(cosa—cosﬁ} e (2)

This is an expression for average value of output voltage.

Single phase half wave circuit with RL Load with free-wheeling diode(Single
phase half wave controlled rectifier with RL Load with free-wheeling diode):

) T4
T NER
L + 4
Q
R
Vs 6") D LA Vo Pen
L

, , , . Freewheeling action in half wave
Fig. 1 Freewheeling diode in half wave controlled rectifier

controlled rectifier

The circuit diagram shown the half wave controlled rectifier with freewheeling diode across the RL load. The SCR is
triggered at firing angle a of in positive half cycle of supply. Hence Vo = Vs. The waveform of shown in Fig.2(c).
Observe that from « to T v, is same as supply voltage v, The freewheeling diode (DFW) is reverse biased, hence it
does not conduct. The output current io increases from zero as shown in Fig. 2(d).

After m , the supply voltage becomes negative. Hence SCR tries to turn-off. Therefore io tries to go to zero. Observe
that io is maximum at 7. But the load inductance does not allow io to go to zero.
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The induced inductance voltage forward biases freewheeling diode as well as SCR.
But freewheeling diode (Dpw) is more forward biased. Hence it starts conducting.
Therefore T1 turns-off. The output current now flows through the freewheeling diode.
In above figure observe that i; = irw when freewheeling diode conducts. Here ippy is
freewheeling current. Fig. .2. (d) and (e) shown that i, =irww when freewheeling
diode conducts. The freewheeling current flows only due to energy stored in the load
inductance. The output current flows in the load itself. Thus inductance energy is
supplied back to the load itself. This process is called freewheeling. If load energy is
fedback to the supply (mains), then it is called feedback. The energy of inductance goes
on decreasing after m . Hence i, also goes on reducing. At B the inductance energy is
finished. Hence i, becomes zero at f. Thus freewheeling diode conducts from m to f3.
The output is shorted due to freewheeling diode. Hence ©, = 0 whenever freewheeling
diode conducts. This is shown in Fig. - .2 (c) also. During freewheeling Ty is off.
Hence no supply current flows. Therefore i; =0 during freewheeling period. T
conducts from « to m . Hence ip; = ig from « to © as shown in Fig. 2. .

[T 1 [1 [ |
11 ~ A T
Mains / N\ / \ (@)
supply T
voltage wi
Vg N / \ /
L1 ~ N
EEEE b
Triggering |
pulses of -t —
Ty — v
A N ()]
Output - N\ i N i
voltage = ot —|
v ’ B n 2m+ao an ol
o
— — (d)—
Output St ek —
current e = iyt
i o s Bl _
o Freewheeling
current flows
- due to load &)
| Freewheeling inductance —
- diode N EReRd -t
— current nLB
b iD
ig = 0 during
-1 freewheeling (f -
Supply / ]
current -t
[ a m_|f [
1 EENN I

Fig. 2 Waveforms of half wave converter with freewheeling diode
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vs =V sinwt  from o ton
S
° 0 fromOfoxand m to2 m

The period of v, is 2n . The average value is given as,

T 40m
Volav) = ;f volof) dwt = Zln-. Vi sin i duot
] ol

Vi
= E[ coswt]

Vn

ol [1+cosa]

I e e T |

The r.m.s. value is given as,

1
1 T pl
Vorms)y = T I ﬁg(mﬂ dowt
0

. 1
F1s
Votrmey = 1 v2 sin? wt dot
oframs.) m "
L a
) 1
V2 T 1-cos2wt 2
= o] T dwt
L o
1
2 m n 2
= % f dmf—_[ cos 2wt dt
o oL
1
B V_?;?"’l [of] ™ — sin 2wt T° | | 2
dm ol 2 «
1
A o sin2o |2
= M1 4 "7
2 T 2n

Advantages of freewheeling diode
i) It tries to make the load current continuous.
i1) It circulates the energy stored in load inductances in the load itself.

iii) It prevents negative voltage across the load.

iv) It helps in commutation of the SCRs, by imposing reverse voltage across them.
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Single phase half wave circuit with RLE Load (Single phase half wave
controlled rectifier with RLE Load):

—V, —H
et
1
T
. R
AC °
Mains® || V, =
V, = V sinwt L
Vo sincot
m _|_ E
(a) Circuit diagram
Vo sinomt
V.4 / m
R o>/ 1 \3
1! I\ T T ! T
G{I-ﬂ oA r. | \ »= ol
—> g ! o |
ol i ! I
A T A
Vg 1 0h
N =\ —
Gm ! : » ot
fo Nt 17 N ©
S
LN AN
I | | I \ | t
0 . . =
+QI.TL.

(b) Voltage and Current waveforms

Single-phase half-wave rectifier with RLE load
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A single-phase half-wave rectifier with RLE or active
load (either a battery or a DC motor) is shown in
Fig. 2.5 (a). Let us assume that the counter emf is E due
to active load. The minimum value of the firing angle is
obtained for the conduction when E = V. sin ot
Assuming oy to the minimum firing angle, o = sin™

E

)

If the firing angle o of the thyristor is less than
o, E > V.. This keeps the SCR reverse biased and SCR
will not turn on. On the other hand, maximum value of

the firing angle is o, = (1 — o).

Fig.  (b) represents the profile of output voltage and
current across the thyristor. It may be noted that
during the period of non-conduction, iy =0 and the
load voltage V, = E. When ig # 0, the output voltage
follows the input. The firing angle being o, p is the
conduction angle and vy is the extinction angle.
Obviously, (y - o) = .
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Expression of Average Current and Voltage :
e Since the average voltage across the inductance is
zero, thus the average value of load is given by,

1[4 1
L= InR [ﬂ (Vim sin ot — E) dof
a J
1
= ﬁ [Vin (cos o — cos ) — E(y— c)]
Conduction angle being B, p = y—o. Thusy = o + J,

1
Lpg™ 27R [Vm {€0S 00— cos (0t + B)} — ER]

or 1= ﬁl:zvmsin (a+';!) sin%—Eﬁl] .. (212)

avg
. A+B  B-A
since cos A —cos B = 2 sin 2 sSinT

HoweverV. = E +IdR
avg

E+ %[2\&“ sin (oc + ‘E‘)sin‘g‘— EL"]

ava = E(l—%)+v?msin (a+‘g')sing

or vV

Single Phase Semi converters (Half Bridge Converter):

Single Phase Semi converters working with Resistive Load:

230V, 50 Hz
AC supply

Circuit diagram of 1 & semiconverter

Prepared By- Dr Sathish K R, Dept. of EEE, ATMECE, Mysuru

9



BEE503 Controlled Rectifier & AC Voltage Controller

S u ppl}r ! ‘\ S/ 4 \

voltage / \ - it
v

Triggering
signal of
Ty g T .
L] ] 104 T-Dy T4—Dy T-Dy

IGT2 ' - it

wt

Y

Output \ N\ N\
voltage

Y

wt

Output ™ T ™, ™
cu r_rent Al - ot
|

1]

T,and Dy | TN ™,

current = f
hr1 & ip4
Ll
BEER
T, and D, ™ ™
current
iT2 & ip2
L]
LR
Supply ™ T
current o | ol ot

i, o m n /

wt

L

Let us consider the working of single phase semi converter having a resistive load. In the positive half cycle of the
supply, SCR Tl and diode D2 are forward-biased. SCR Tl is triggered at a firing angle . Current flows through the
load. The equivalent circuit is shown below.
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- ;l'
VD R

Conduction of Tl and DI in positive half cycle of the supply. Dotted line shows path of current flow
When T1 —DI conducts,

Vo = Vs (ie. supply voltage)
Vo Vg

R R

and io

The waveform of Vo is same as supply voltage Vs, when T1 —DI conducts. Since the load is resistive, the output
current waveform is same as voltage waveform. This is because,

_l[' _ ~IIIIJ(‘;'.l
° R
i0, iT1 and is is the same current.
i, = is=iT1 (when T — D1 conducts)

SCR T1 and diode DI conduct till 7 . At supply voltage is zero. Hence current through SCR TI drops to zero. Hence TI
turns off. After ,m the supply voltage is negative and T1 is reverse biased. Hence the output voltage Vo is also zero.

Conduction of T2 - D2 in negative half cycle of the supply. Dotted line shows path Of current flow

At m+a, SCR T 2 is triggered. It starts conducting, since it is forward biased because of the negative cycle of the
supply. The current io flows through load, T2 and 102. Such an equivalent circuit is shown in the above Fig.

From the above equivalent circuit observe that positive of Vs is connected to positive of Vo. Hence Vo remains
positive even if supply polarity (i.e. negative cycle) is reversed. Hence we can write,
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and g = —=— —

i) Average output voltage

The average output voltage is given as,

T
1
Vo(aw) = 7 !; Vy (wt) d ot

T
Vo(a) = % [ Vi sin ot dot
o

In the above equation V,(wt)=V, sin ot from o to m. Solving the above
integration we get,

Vi
Vo(aw) = %(14‘{'05{2{.)

ii) R.M.S. output voltage
R.MLS. output voltage is given as,

T 1/2
Vo(rmsy = [% j. V2 ((.L'lf) dmt]
0

Putting the values in above equation,

N -
Vo(rms.) [;II J- V.2 sin? wt dmf} =
o

1
Vi 1. Z
{ﬂ |:TE- o&+§sm2 a}}

Single Phase Semi converters working with RL Load:

3|
—_—

Idl:r

o Kn o 3

Mains

N ’

Anp, D, %R

(a) Circuit diagram
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Continuous current mode :

d N TN TN
7 output \ \ \
| voltage \ o
i Va (i} T+l 2n
— Continuous load current
» e d ~ L~
| Output o o ~
4 curirent - ot
T o T T T T
2 1 2 1
e R G D
[ I | |

In this mode, the current flows continuously in the load because of inductive
effect. The waveforms of load current and load voltage are shown in Fig. In
these waveforms observe that SCR Ty and diode D1 conducts from o to m. Since the
load is inductive current keeps on increasing (saturating) and it is maximum at . At

n, even though the supply voltage is zero, current does not go to zero. This is
because load inductance opposes this sudden change of current. The load inductance
generates a large voltage so as to maintain load current. This current flows through T,
and D3. The equivalent circuit of this operation is shown in Fig. = The SCR

T1 conducts even after n, since it is forward biased due to voltage induced in the load

inductance i.e. L%. Diode D3 is also forward biased due to this voltage. Hence current

does not flow through supply ie. ig when freewheeling action takes place. Thus the
energy stored in the load inductance is fedback to load itself in freewheeling action.

SCR Ty is triggered at m+o and the output current starts increasing. Since the
current i, is continuous, it is called continuous current mode of semiconverter. The

similar operation takes place when T; and Dz conducts in negative half cycle of the
supply. Fig. shows supply current (is), freewheeling current and other
waveforms for inductive load. Note that the output voltage waveform remains same.
If there is freewheeling diode in semiconverter, then freewheeling current flows
through this diode.

] =

2
Ve(ms) = {% [n - +% sin 2 ozﬂ
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ii) Discontinuous current mode

In this mode, the current through the load becomes zero for some duration. Hence
it is called discontinuous current mode. Fig. shows the waveforms of
discontinuous current mode of semiconverter.

As shown in waveforms, Ty — D1 conducts from ¢ to m and the load current 7,
goes on increasing. At m supply voltage is zero. But because of inductance, iy does npt
go to zero. The load inductance induces a large voltage L % to maintain current in

the same direction. Hence i, continuous to flow and it goes to zero at fi. Since next
SCR T is triggered at m+a output current is discontinuous.
Freewheeling takes place from n to f. The freewheeling current flows through T; and
D;. Similar operation repeats in next half cycle.

Observe that the voltage waveform remains same in discontinuous mode also.
Hence Vo ay) and Vp(rMs) are same as that of resistive load.

A
Output \\ “\ N N
voltage |- \
waveform = mt
[ T LT 21T
Vo
Cutput - - -
current o o - ~ N |
waveform L T+ 29 T+ =1 wt
lo AL A I SLFS U O r,-D
-1 D: -l ?'D pals ‘F'E -l ?'D
T Mo lpad cument —
flows here (discontinuous i)
L1l Lttt

iii) Continuous and ripple free current for large inductive load

As the load inductance increases, the ripple in i, reduces. When the load
inductance is very large, the ripple in i, will be negligible. And i, can be treated as
continuous and ripple free. Fig. shows the waveforms of 1¢ semiconverter for
large inductive load. The load current is continuous and ripple free. Observe that the
output voltage waveform is same as resistive load. But the current waveforms are
different.

Prepared By- Dr Sathish K R, Dept. of EEE, ATMECE, Mysuru
14



BEE503 Controlled Rectifier & AC Voltage Controller

i
11 | } EREEanNEEEanNEEEanNEEEanN
Output | | ) | | l ) . | ) | | |
—{ voltage — ot
Vo ! Lot LT -JT*[(F._ 2n 2m+a I
|
T H A
Output 2T D105 = T2P2=D) T D= D)~ T2Po—
—— current il
; _
__’ D‘ 'ID(avj
EE -t~

The output current is constant DC of amplitude Iygy). The SCRs conduct for
n radians. Hence SCR current is square wave. The supply current has the amplitudes
of £1ygy). The supply current is zero whenever freewheeling action takes place.

Single Phase Full Converters with R load: Fig. shows the block diagram of 1 phase full bridge
converter. It contains four SCRs T1, T2, T 3 and T4. The conduction of all these SCRs is controlled. Hence this is
called full converter. The input to this converter is AC supply. The output is controllable DC. The full bridge
converter is mainly used for speed control of DC motors.

230V, 50 Hz
AC supply

Circuit diagram of 1¢ full
converter

In the positive half cycle of the supply SCRs Tl and T2 are triggered at firing angle a. Hence current starts flowing
through the load.
when TI and T2 conducts,

Vo =Vs  (Le. supply voltage)

Ve Ve
7R R

The load voltage is same as supply voltage from a to 7 . Since the load is resistive, waveforms of Vo and io are
same. The supply current is and io are in the same direction hence is=io. Tl and T2 turn off when supply voltage
becomes zero at . In the negative half cycle T3 and T4 are triggered at w + a.

The supply current is and load current io flow through the same loop. But directions of is and io are opposite hence
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N N N N
Qutput ] \
voltage . (-
Vg o T T+l 2n A
— Continuous load current
Output o ” o o
current it
o T T T T
2 1 2 1
D1.|-T1—Df-|-D2---T2—D2-|-D1-|--r1—Df-|-D2-|--3I'2—D
- L~
-~ -
Supply mHo 2n
CUI'_I'EI'It P P g = wt -
I N -
N =
T
Vm
5 1
V 1 2
Vofrms) = == |m—0 + = sin 2w
ms) = on 2
Single Phase Full Converters with RL load:
o
o +
T, R
VO
b L

Continuous load current:

In the continuous load current, the load or output current io flows continuously.

Controlled Rectifier & AC Voltage Controller
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As shown in the waveforms of Fig. - - , T1 and T2 conduct from o to n . The
nature of the load current depends upon values of R and L in the inductive load.
Because of the inductance, i, keeps on increasing and becomes maximum at . At 7,
the supply voltage reverses but SCRs T and T2 does not turn off. This is because, the
load inductance does not allow the current iy to go to zero instantly. The load

. 1
inductance generates a large voltage L d—:
L] ]
LT LA, TN
— Supply / N\ / N
—— voltage wt—
| Vg . - L | L
N
NV N
. | | ™, ™ ™, ™,
Quiput (lead)] | | | | ) HR \ |
voltage i
Vo o S Pt |
N\ n 2mN, N
] TN | 1N N
| 1 I
T4 T, T3 Ty T4 T Ty T
| N Pra AN TN i Continuous load =
Output |-\ Edn AL INAT T |
—— current it
——
J’ -
L | Supply | d } | zdan N
— | current
N 4 N N

This voltage forward biases Tl and T 2. the load current flows against the supply voltage. The energy stored in the load
inductance is supplied partially to the mains supply and to the load itself. Hence this is also called as feedback operation.
The output voltage is negative from mw to m + a since supply voltage is negative. But the load current keeps on reducing.

Atm + a , SCRs T 3 and T4 are triggered. The load current starts increasing. The load current remains continuous in
the load. The similar operation repeats. The ripple in the load current reduces as the load inductance is increased.

Continuous and ripple free current for large inductive load: Let us consider the case when there is large inductance
in the load. Because of the large inductance, the ripple in the load current is very small and it can be neglected. Hence
load current will be totally DC.
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BEE503

Qutput |
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+, | P | \

W
o \ |
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il
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T,and T,
current
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1
5 Or I::{avj

Supply y(av)
current
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I

Single Fully Controlled Bridge Rectifier with RLE Load:

5

£ 1 e

Circuit diag;am of single phase
fully controlled rectifier
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Single phase fully controlled
rectifier waveforms

Mode 1: (xtom) :

During positive half cycle of AC input voltage, leave point L
is positive with respect to cathode, therefore thyristors T{T,
are fired at ot = o. Thus, the average output voltage is
equal to the instantaneous supply voltage.

In this mode of operation, the shape of load voltage is
identical to that of supply voltage. The load voltage is
positive and constant. The load current is also positive as
that of the supply current 'ii'. Both load voltage and load
current are positive, the inductive load will store energy.
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Mode2:(xtom+ o) :

In this step of operation, at instant ot = &, the supply goes
through zero and after m radians supply reverses its
polarities and it becomes negative. Therefore, the
conducting thyristors T; and T, will try to turn-off due to
natural reversal of supply voltage (i.e. natural commutation

or line commutation). But due to stored energy in inductive
load, it will oppose any change in the current flow through
load. So thyristors T; and T, will continue to conduct in
negative half for some period. In this mode of operation,
the load voltage becomes negative and load current is
always positive, continuous and constant. Both load
voltage and load currents are opposite in polarities. So the
stored energy in inductive load will return back to the
supply again.

Mode 3 : (m + o to 27) :

At instant ot = © + o, the conducting thyristors T; and T;
are turned off due to natural or line commutation, at the
same time other pair of SCRs T; and T, are fired at
ot = n + o. Therefore, the average output voltage is equal
to the instantaneous supply voltage. The load current is
instantaneously transferred from one pair of SCRs (Ty, T5)
to other pair of SCR (T3, Ty).

In this mode of operation, both load voltage and load
currents are positive, the inductive load will again store
energy.
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Mode 4: (2n to 2n + @) :

At instant ot = 2n radians, the input voltage goes through
zero after 2n it becomes positive. i.e. during positive half
cycle of AC input, the conducting thyristors T3, T4 try to
turn off, the inductive load will oppose any change in
current through it, in order to maintain the load current
constant and in some direction, a self-induced voltage
appears across the load. This maintains conducting
thyristors T3 and T, forward biased, inspite of the change in
the polarity of supply voltage. The load voltage becomes
negative and equal to the supply voltage whereas the load
current continues positive. Therefore, load acts as a source
and the stored energy in inductive load will be returned
back to supply again,

Mathematical Analysis :
1. Expression for the Average Output Voltage (V,,) :

l o+ o
V.= % (] Vi sin ot - dot
i

l nto

= ~ [~ V,, cos wt]
n o
Vin

= ?[cos o — cos (1w + o))
Vin . .

=?[cosa—cosn-cosa+smrc-sma]
2V,

g g cosa

Expression for the Average Load Current (I ):

avg
o Va2V
we~ R = 7R COS ¥
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Expression for the rms Load Voltage (V) :

M oro+a 1/2

% U Vzmsinzmt-dmtl}

2 1/2
= 50 (1—(:-:::52(10t]s-dmﬂJ
1( sin 2mtj‘“ v’
= [ ot - 20222

_h[ |
BRVAIK: 2 Jo
1/2

1 sin (2w + 200) sin 2o
p\Era-T e+

Vims =

1/2

1( sin 20, sinZa]
T 2 T2

Controlled Rectifier & AC Voltage Controller

L, L,
2 2 g
OIIIN 0
+ L i il] —
E E E S T T
T1p T3p . 2N 4N
o - -, o
230W-50 Hz = 230V-50 Hz
mains supply Vo|E&|Vo Vo2 mains suppl
O Pply
o AT E -
Zﬁdp Z§_2p Tan Z TN
- +
P-converter N-converter

e Dual converters are suitable for high power applications but not for low power applications.

e  The below circuit explains sigle phase dual converters with circulating current.

In circulating current mode
Load current is continuous and it is fast process

e Two converters are simultaneously operated
e  The circuit will protect with current limiting reactors
e  Average output load will be more than the load.

e The dual converters consists of two full converters one with positive and another with negative output voltages.
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e  For highly inductive load the dual converters will operate in four quadrants with continuous current mode.

When the circuit is fed with the supply the thyristor TI and T3 conducts positive half cycle at converter I and TS5, T6

conducts positive half cycle at converter 2

For negative half cycle the thyristors T3, T4, T 7, T8 are takes the active position at converter 1 and converter 2.

e For positive half cycle the current direction is given by
For converter1: P-T1-Lrl/2-LOAD-T2-N
For converter 2. N-T6-Lr2/2-LOAD-T5-P

¢ For negative half cycle the current direction is given by
Converter 1: N-T3 -Lrl/2-LOAD-T4-P
Converter 2: P-T8 -Lr2/2 -LOAD-T7 =N

AT LN /
| Supply | / N\ / \
| voltage \ \\ — ot
V £
EREN \ / \ /
N N
Output | \ \ \ \
- voltage of | \ ot
~ P-converter N | =T
: Vﬂ‘] \ ) \ \ \L
A ™~ N N
e 1
Vil /T ] /7
Output / / / /
~ voltage of |/ 1
~ N-converter |- =T Wi
TV L L/
\
ulg = 2m—oty
= M0y
A
\ \ \
1 o \_Enﬂm \
V= V01+"i’02* T 12‘“_&1 1 -t —
\ 7 \
\ \ \ \
\ \ \
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Three Phase Dual Converters:

Tye Lyw
RO
Yo I
Ho
Lep Top
P-qxweﬂo« or N-converter or
converter- | converter-2

Fig. shows circuit diagram of 3 phase dual converter. It uses two 3 phase full converters.

* We know that the average output voltage of 3 ¢ full converter is given for highly inductive as,

313V, o
n

4 o5,

olay) =

Hence the outputs of the two converters will be,

33V,
Vr;l (av) = n ™ cos U4
3.3V
and Vo2 (av) = 2 1; ™ cos oy

From Fig. 4.9.1 it is clear that,

v (av) = Vi (av) =~ Viz (av)
From equation (4.9.1) and above equation we have,

3J3V, 3J3 Y,
BRetiRt /] - i m
n 050 = Cos Uy
0505 = —cosd,
or Uy = M-y

1)

2)
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This is the relationship between
triggering angles of the two
converters. The converter having
0. < 90° operates in rectifying
mode. And the converter having
o > 90° operates in inverting

mode. Fig. shows the
waveforms of 3¢  dual
converter. Flg (c) shows

the output voltage waveform of
converter 1 for o 60°. It
operates in rectification mode.
Fig. . (d) shows the output
voltage waveform of converter-2
(inverted output ie. -v,,) for
o, 120°. It operates in the
inverting mode.

The two outputs v, and v,, are
same in magnitude. But their
instantaneous values are
different. Hence small amount of
circulating current flows from
one converter to other converter.
This current can be limited by
the circulating current reactor L,
connected between the two
converters.

Controlled Rectifier & AC Voltage Controller

ouuo

4 ',, 4 :
erY"ﬂB YB“YR"BY*R:

¢ r-.--- +

! ung-u,=120‘
Voz

Ompui vonage of
converter - :

Fig.

Waveforms of 3 ¢ dual converter

Derive an expression for circulating current in 3 ¢ dunl converter.

Solution : Consider the interval from (6+ m) [ + -:q] in Fig.

|

and Tp2

1]

29.2. The voltage vy = Vgy and v,2 = Vyp in this interval.

. n
Ry = NER'S sm(mf+ 3]

yRanﬁVmsin[

[

2

2

n .
: i i i — t S( + J will be,
Hence the ripple voltage across the inductor d.q:mg the interval ( z T ]s [0 oy

mt—EJ

01 — Vo2 =VRY ~UYB —J_V Sm(tl)f+ J -u'r3V sm(

L

) g
3V, cos ml—-s—

The waveform of this voltage is shown in Fig. 49.2 (e). Now the circulating current can be obtained as,

© f
3 1 —1— t—— |dot
i) = oL J o (0f)dot = I 3V cos((ﬂ J
Eﬂzj —+c¢1
6
3V m)_
= Ff:['?m[wt 6] smul]
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Explain the principle of on-off control. Obtain an expression for rms voltage,
rms current and power factor.

Principle of Phase Control:

MR

Supply
— voltage

i v _ /- | yanm o
Mains

"
su5p|y® 1{0 Load

-]

Gate drive 1 1 1 | |
—0f SCRT, ot

5T o

]} ) TN

1 ¢ half wave controller Output || [ j _ _
(unidirectional controller)  voitage | at

Vg 1 l TN | /21'5

-,
2

= Output
current iy ] T 1\"

" or supply
_ current ig

1

o

wt

Lo

Fig. shows the circuit diagram of single phase half wave controller employing phase angle control. Observe that there
is one SCR Tl and antiparallel diode DI. Hence only positive half cycle of the supply is controlled. The negative half
cycle is not controlled since diode D1 conducts fully. Fig shows the waveforms of this circuit for resistive load. Observe
that the output voltage waveform is not symmetric. Hence it will have a d.c. component. This may saturate the loads
like induction motors, pumps etc. Observe that the output current waveform is not symmetric. The supply current
waveform is same as output current waveform. Hence the supply current is is not symmetric. The supply current also
contains d.c. component. If there is input transformer, then it will be saturated due to d.c. component of supply current.

The supply voltage is,
vs (wt) = Vi sin wt

The r.m.s. value is given as,

T
1
Vﬂ(,_.msl) = |7 £ vs(wt)dwt

From output voltage waveform of Fig. . we can write above equation as,
1

b n 2
Vo(rms) = {%[j vZ (wt)dot+ j. ag(mf)dmf”

o m

In the waveform observe that whenever SCR or diode conducts, the supply voltage v
is applied to the load. Hence To(wt) = Us (@f). Hence above equation can be written

as,
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1
", n 5 112
j V, sin? wtdwt+ _[ Vi sinszdwa
o

T

1
Vo(r.ms.) = lﬂ

1

VZ m 2 2
- i} im 2 i 2
= 12n f sin mfa’mt+‘|‘ sin- widwf
=1

b3

1

_ Vu% T 1-cos 2 wt 20 | —cos 200t } 2
= {ﬁj 72 dwt+ I 72 dmt

o b4

Solving the above integration,
[ &in%2a
Vi l'ZTI -0 +sz2 «
Vorms) = 2\

And rm.s. value of current will be,

Vo(rms.)
Iafr. ms) R

We know that the average value is given as,

T
1 ¢
Vo(m) = 7 _([ Vg (m;) do t

We know that v, (mt = Ts (m J,‘) whenever SCR or diode conducts. Hence above
equation can be written as,

2
1% . - )
Vo(m) = 5= [I Vi sin of dot+ J Vi sin m:dmr]
o T

1- 2r
Vi |F . c
= on _[ sin wl dof+ J sin of dwt
o n
Solving the above integration,
Vin

VO(W) = 3n (cos o 1)

Single Phase Controllers with Resistive Loads (Bidirectional Controllers):

1¢ full wave (bidirectional) controller

Fig 1
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voltage =yt —

U I N S S .S S S U -

Gate drive of +— | . | ! ! ! 1 ! | ] | |
Ty, izt it —|

I
Gale drive of | | | | | | | | |

LE% = S0 1 I

output | | L IR ]
voltage n+m | In

]
v, a—+—— A A

+ -i-T1-|-— + --—Tz-'r-— 1 ""—T'|'l"I' 1 -if—Tzvi- 1

+
-+t

+

+

Valtage
ACTOSS | T 11 l i+ | I | | | I | | | 1 !
SCRT, ud

¥y

.}_.._..‘-.._..‘-

Cutput
[curment i,
lorsupply | L £ 1 1 L P TQ L1 LA L L] e
cument i,

Fig. 1 shows the circuit diagram of 1 phase full wave controller. It has two SCRs, Tl and T2. In the positive half cycle
of the supply Tl controls the power flow to the load. And in the negative half cycle of the supply T2 controls the power
flow to the load. The waveforms of this circuit are shown in Fig. 2 for resistive load.

The output current waveform is shown for resistive load. It is similar to the voltage waveform. The output current and
the supply current flow in the same loop. Hence iy = i5s. Observe that the voltage and current waveforms are symmetric.
Hence there is no dc component in v, , i, and is, Also, it is possible to control the output fully from zero to maximum
value. The output is controlled in positive as well as negative half cycles due to two SCRs.

We know that the rms value is given as,

Y
| vi (wi)dwt
T’

eI

Vu(r.ms.j =
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Whenever the SCRs conduct, the output voltage is same as supply voltage.
The supply voltage is given as
vs (wt) = Vi sin wt

From the output voltage waveform of Fig. 84.2 we can write equation 84.1 as,
1

I 1 n im —l 2
Va(rans) = ":2:'1 JEE (wt) dwt+ J' vl (wi) dwt|
o o ]
When SCRs conduct, v; (wf) = 75 (wt). Hence above equation will be,
) 1
{1 X in ii
Vorms) = {5 [ Vi sin2wt dwt+ [ Vp sin2 widwt |}
l_ o m+ i J
1
~ jif,j = L-cos 2wt o 1-cos2wt
=l |l et |
| o n+ o
On simplifying the above integration, we get,
sin 20
Tt
Vorms) = Vm {5

In the above equation,

I ,
when =0 Vn(,,m_.;_}= E =55{nns.}

when a=mn Voprms) =0

Thus the output can be controlled from zero to VW (rms.) by wvarying firing angle
from m to zero. Since the output current and voltage as well as supply current
waveforms are symmetric, their d.c./average values are zero. Hence transformer
saturation problems are absent.

Single Phase Controllers with Inductive Loads:

T
iS-
+ ¥i
Mains Ts r ;
supply
voliage f\D Vo
v, L .

Fig 1 1¢ full wave controller
with inductive load

Most of the times the load on the controllers is inductive. Such loads are induction motors, water pumps, fans, blowers
etc. The output current waveform is different in case of inductive load. Fig.1 shows the circuit diagram of 1 phase full
wave controller having inductive load.

The SCR Tl is triggered in positive half cycle with delay angle of a. The output current starts increasing from zero.
The waveforms are shown in Fig. 2. At 7, the supply voltage is zero, but output current is not The load inductance to
maintain the current in the same direction. Hence SCR T'; keeps on conducting. The SCR T 1 conducts from 7 to 8 to
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due to energy Stored in the load inductance. At B the output current becomes zero. Hence Tl turns off by natural
commutation.

In the waveforms of Fig. 2 observe that T2 is triggered at m + « . The output current starts increasing in the negative
direction from zero. And negative supply voltage appears across the load. Thus negative cycle of and io starts. The
supply current is same as output current. These currents are nonsinusoidal due to inductive load.

adiinN AT Y
—+ Mains supply / \ / \
—  voltage = s
1 Vs i ) A /
\"'-....i/ \'-..--
_ | Gate drive _
| of SCRT, T ut
T Gate drive -~
_| of SCRT, - ot
L] T e
_ Output current o -~ P
i - 2n
L wt
_or supply current o, G D N ! .
L i - [~
T1 =i T2 - T1 T" -
™
Cutput N\ \\
voltage it
Vo N Vi /!
! - A
—— Voltage -— ——|'3 ¥
——  across =t
SCRT, *
" "
— 1T
Current of - _
SCRT, ot
L 11 |
*’J/—'- q—'—\
I T
+1i, N
R R
uE@ _ Vg@ TE
L L
Circuit - 1 Circuit - 1

Fig 2 Waveforms of 1¢ full wave controller for
inductive load (Discontinuous output current)
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The r.m.s. value is given as,

Pl ba

1
Vn(r.m_'-‘.:] = | T

ﬁ-% [mt] du

= |

When SCRs Th and T2 conduct, the supply veoltage vs appears across the load. The
supply voliage can be expressed as,

vs(wt) = Vi sin wt

i 2
Va(rms) = = o2 (wt) a’mtJ

g —T

Here observe that we have taken T =mn, since ran.s. values of positive and negative
half cycles are same for symmetric waveforms. Since v, (m t)= v (wt) when SCR
conducts, we can write above equation as,

i 1

@ 2 2B M
_11 2 . n |V 7 1-cos2wt
V,,(,_m:, = E .J;Vm gin® wt dmf} —l - I 5 doi

o

1
M2 b 2
2n f (1-cos 2wi) dwi

=1

Solving the above integration we get,

3 2
2m

[ in 2 in 2
m_ﬂ+3m o  sin 2f

Since the output voltage, current and input current waveforms are symmetric, their
average values (d.c. components) are zero.

3 phase Full Wave AC Voltage Controllers:
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In the above diagram observe that the star connected 3 supply is applied to the star connected resistive load through
antiparallel SCRs in each phase. Triacs can also be used instead of antiparallel SCRs. At any time current flows in
two phases. Third phase is open. This is because SCRs from different phases conduct at a time.

Supply phase and line are shown first in the figure. The supply phase voltages are R, Y and B. The line voltages are
RY, RB, YB, YR. BR, BY.

Supply phase _|
voltages
T Vg vyandvg

-1t

NI NS S—

Drives of thyristors T, to T,

() '

U] "
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* Fig shows the vector diagram for line and phase |
voltages. In this figure observe that the phase shift
between phase voltages R, Y and B is 12(°. Line voltage
RY is obtained by adding R and -Y. Observe that line
voltage RY leads R phase voltage by 3(°. This is shown
in the waveforms of Fig. (a) and (b). Similarly |
line voltage RB lags R-phase voltage by 3(°. The phase | B~
shift between individual line voltages is 6(F. ' e

Gate drives of thyristors T, - T;

« The waveforms of Fig. 4.15.2 (c) to (h) shows the gate
drives of all the six thyristors. Note that T; is applied
the drive at o = 6(°. Note that '’ is counted from zero |
crossing of the supply phase voltage. The firing pulse |
of [, ends at n. Similarly other firing pulses are i
generated. : :

« Note that in the first interval thyristor T; and T are
applied the gate drive. In the second interval thyristor Ty and T,
repeats after VI interval.

Output voltage waveform

« Consider an equivalent circuit-I of Fig.
voltage RY appears across load.
each of the load phase. Therefore vop ‘%RY- The waveform of Fig.

amplitude. And voltage

conduct. The line volta

1
load is balanced, half of the line voltage appears across each load phase.Therefore vop =7 RB in I

Like this the remaining waveforms can be completed.

Fig. Supply phase and line voltages

are applied the gate drive. Like this the cycle

when thyristors T} and Ty are conducting. Observe that the line
Since load is resistive and balanced, half of the line voltage appears across
shows line voltages of half
2 RY appears as output in interval. Similarly in interval-Il, thyristors T and T

ge RB appears across the load as shown in equivalent circuit-Il of Fig. 4.15.2. Since the

The rms value of the output is given as follows for different ranges of of
f1 (n_a sm?_m]
For 0 a < 60°, Vigrms) = IV, 3
[1(n  3si J_mszu
ot 60°5 0 < 907, Vomy = Y8V | 12* s —
M1[sn o sin20 v3cos2o
For 90° 5+ <1507, Vorms) = “"EV-‘\,'E[E'E"T*_HE_]

Advantages. Disadvantages and Applications of 3 phase Controllers

Advantages

1) 3 phase controllers can deliver more power.

ii) 3 phase controllers contain less harmonics in output for high powers.

Diadvantages:

i) control of 3 phase controllers is complex.
ii) 3 phase are not suitable for resistive loads.
Applications

i) Induction control.

ii) Large fans control.
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